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Abstract 

An ion energy mass spectrum analyzer was developed for the Martian Moons eXploration (MMX) mission to meas-
ure the three-dimensional velocity distribution function and mass profile of low-energy ions around the Mars-Moon 
system. The hemispheric field-of-view (FOV) is acquired by a pair of angular scanning deflectors, and the energy/
charge and mass/charge are determined for each ion by an electrostatic analyzer and a linear-electric-field (LEF) time-
of-flight (TOF) analyzer, respectively, with an enhanced mass resolution of m/�m ∼ 100 . The ion analyzer, together 
with magnetometers, constitutes the mass spectrum analyzer (MSA), one of the scientific instruments on board 
the MMX spacecraft. This paper describes the instrumentation of the ion analyzer, and results of the performance tests 
of its flight model (FM). 

Keywords  Martian Moons eXploration (MMX), Phobos, Mars, Mass spectrum analyzer, Ion analyzer, Time-of-flight, 
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1  Introduction
The Martian Moons eXploration (MMX) mission 
planned by the Japan Aerospace Exploration Agency 
(JAXA) is now scheduled for launch in 2026, arrival at 
Mars in 2027, and sample return to the Earth in 2031. 
The scientific objectives are to clarify the origins of the 
Martian moons, and to understand the physical mecha-
nisms and co-evolution history of the Martian–moons 
system (Kuramoto et  al. 2021). The MMX spacecraft is 
equipped with several remote-sensing and in situ observ-
ing instruments (Barucci et  al. 2021; Cho et  al. 2021; 
Kameda et al. 2021; Kobayashi et al. 2018; Lawrence et al. 
2019; Michel et al. 2022; Senshu et al. 2021; Yokota et al. 
2021) to achieve such scientific objectives independently 
of sample analyses (Usui et al. 2020). In its observations, 
the MMX spacecraft will orbit Mars with Phobos, simul-
taneously covering a wide area of Phobos’ surface in 
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three dimensions at altitudes from several 10 km to sev-
eral 100 km (Nakamura et al. 2021).

Mass spectrum analyzer (MSA), one of the scientific 
instruments onboard the MMX spacecraft, consists of 
an ion energy mass spectrum analyzer and magnetom-
eters. In the vicinity of the Mars-moons system, there 
are ions emitted from the surface of the Martian moons 
due to the solar wind sputtering, photon-stimulated des-
orption and so on (e.g., Madey et  al. 1998), and atmos-
pheric ions escaping from Mars due to their interactions 
with the solar wind. MSA will remotely examine the sur-
face material of the moons and will directly observe the 
escape of the Martian atmosphere, while monitoring the 
solar wind, to contribute to the MMX scientific objec-
tives (Yokota et al. 2021). The MSA observations aim to 
put constraints on models of the origin of the moons, and 
the evolution of the Martian atmosphere.

The ion analyzer of MSA is composed of an electro-
static energy analyzer and a time-of-flight (TOF) mass 
spectrometer, which will measure the three-dimensional 
velocity distribution function and mass distribution of 
low-energy ions. The main targets of the ion analyzer 
are solar wind ions of typically ~ 108 particles cm−2  s−1, 
those scattered at the Phobos surface, water-related ions 
of ~ 105 ions cm−2 s−1 generated in the predicted Phobos 
gas torus, secondary ions of ~ 104 ions cm−2 s−1 sputtered 
from the Phobos surface, and escaping ions of ~ 104- ~ 107 
ions cm−2  s−1 from the Martian atmosphere, as summa-
rized in Yokota et  al. (2021). Although solar wind ions 
are dominated by protons and alpha particles (H+ and 
He++), the ions emitted from Phobos are expected to 
range from volatile ions (e.g., Na+ and K+) to refractory 
ions (e.g., Mg+, Ca+, and Fe+) (Schaible et al. 2017; Yokota 
et  al. 2021), like those from the Earth’s Moon (Halekas 
et al. 2015; Yokota et al. 2009; 2014; 2020). Assuming that 
Phobos originated as a captured asteroid with internal 
ice, the current water (H2O) emission was estimated to 
be ~ 0.3- ~ 3 g/s (Fanale and Salvail 1990). Such H2O mol-
ecules escape the orbit of Phobos and become trapped 
in a keplerian orbit around Mars (Ip and Banaszkiewicz 
1990), resulting in an envelope of all the permitted trajec-
tories, or ‘torus’ (Krymskii et al. 1992; Mura et al. 2002). 
The H2O gas torus may produce a flux of H2O-related 
ions (O+, OH+, H2O+, etc.) (Poppe et  al. 2016). In the 
Martian magnetosphere, it has been reported from 
Mars Express and Mars Atmosphere and Volatile Evolu-
tioN (MAVEN) observations that the Martian exosphere 
is composed of thermal and non-thermal populations 
(Chaffin et  al. 2015; Deighan et  al. 2015; Rahmati et  al. 
2015) (followed by the generation of H+ and O+ by pho-
toionization, etc.) and that the Martian ionospheric ions 
(O+, O2

+, CO2
+) are leaking due to non-thermal escape 

(e.g., Carlsson et  al. 2006; Dong et  al. 2015; Inui et  al. 

2018). Although the MAVEN TOF mass spectrometer 
(McFadden et  al. 2015) had limited resolution, minor 
components (e.g., C+) were identifiable (e.g., Hanley 
et al. 2024) and clearly separable using fitting techniques 
(Picket et al. 2021). 

The ion analyzer of MSA, which we have developed for 
the MMX mission, is a successor to the high-resolution 
ion mass analyzers for the Kaguya (Saito et  al. 2008a, 
b; 2010; Yokota et  al. 2005) and BepiColombo/Mio 
(Delcourt et  al. 2009; 2016) missions, and will provide 
unprecedented information on the Phobos surface mate-
rials and Martian atmospheric escape by minutely sepa-
rating the various ion species described above. In this 
paper, we present the instrumentation and design of the 
ion analyzer, and summarize the performance obtained 
from the flight model (FM) calibration tests. A report of 
the magnetometers of MSA is made in Matsuoka et  al. 
(this issue, under review).

2 � Instrumentation and design overview
Based on the MMX scientific objectives (Kuramoto et al. 
2021), we estimated the performance requirements for 
the ion analyzer of MSA as shown in Table  1 (Yokota 
et  al. 2021). Most parameters are standard for space 
plasma measurements, but the exception is considerably 
high mass resolution ( m/�m ∼ 100 ) to separate refrac-
tory ions of Phobos origin and Martian atmospheric ions 
and their key isotopes. Such high mass resolution was 
achieved by further optimization of the geometry as per-
formed by Gilbert et al. (2010), based on the previously 
developed ion mass analyzers using the linear-electric-
field (LEF) TOF method (e.g., McComas et al. 1990).

Figure 1 shows a photograph and cross section of the 
FM of the ion analyzer, which is cylindrically symmetric 
in shape and consists of an energy analyzer and a mass 
analyzer. The photo shows a component of MSA, which 
includes the ion analyzer shown in the cross section, 
and two boxes of high-voltage power supplies (HVPSs) 

Table 1  Performance and specification of the ion energy mass 
spectrum analyzer of MSA

Parameter Value Notes

Energy range
resolution

∼ 5 eV/q to ∼ 30 keV/q
∼ 10%

�E/E(FWHM)

FOV range
resolution

 ≥ 2π steradian
22.5° × 11.25° per channel

(FWHM)

g-factor ≥10–4 cm2 sr eV/eV per channel

Mass range
resolution

1–100 amu
∼ 100

m/�m(FWHM)

Sensor size φ 250 mm × 480 mm

Sensor mass 5.64 kg Including HVPS boxes
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connected to the right. The energy analyzer is a top-hat 
electrostatic analyzer (ESA) using double spherical elec-
trodes for energy/charge ( E/q ) measurements (e.g., Carl-
son et al. 1982; Young et al. 1988), and is equipped with a 
pair of angular scanning deflectors at the 360° entrance 
aperture for a hemispherical ( 2π-steradian) field-of-
view (FOV) (e.g., Carlson and McFadden 1998; Yokota 
et al. 2005). Incident ions with the appropriate E/q pass 
through the ESA and are post-accelerated toward the 
entrance of the mass analyzer, on which ultra-thin car-
bon is mounted (see Figs.  1 and 2). The mass analyzer 
measures the TOF of the incident ions to obtain the 
mass/charge ( m/q ). The TOF measurement is performed 
by using secondary electrons emitted when the incident 

ions pass through the carbon foil as the start signal, and 
the incident particles themselves or secondary electrons 
emitted when incident ions hit the ceiling of the TOF 
chamber as the stop signal. All of these are detected by 
a micro-channel plate (MCP) assembly at the bottom, as 
shown in Fig. 2. In the following, we describe the detail of 
these key components.

2.1 � Spherical ESA
Figure 3 shows the geometry of the ion optics of the ion 
analyzer. The radii of the inner and outer spherical ESA 
electrodes are 57.0  mm and 62.0  mm, respectively. In 
addition, the actual ESA surfaces are serrated and black-
ened for UV rejection, as shown in Fig.  4A. A negative 
sweep voltage ( −VI ) from 0 to −  5  kV is applied to the 
inner ESA electrode for E/q analysis up to 30 keV/q. The 
relation is expressed by

(1)E/q = kEVI ,

Fig. 1  Photograph (A) and cross-sectional view (B), of the MSA ion 
analyzer. Trajectories of incident ions (black) and secondary electrons 
(red) are illustrated in the cross-sectional view. The analyzer will 
be covered entirely except for the aperture entrance by multilayer 
insulation (MLI) when mounted on the spacecraft

Fig. 2  Block diagram of the MSA ion analyzer functions
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where kE ∼ 6 is the analyzer constant. The waveform of 
−VI during observation operation is planned to be a loga-
rithmically stepped sweep.

2.2 � Angular scan
The two angular scanning deflectors are alternately 
applied with a positive sweep high voltage ( +VD1 or 
+VD2 ) up to + 5  kV to extend the FOV to more than 
a hemisphere ( 2π steradian). While the high voltage 
is applied to one deflector, the other one is grounded. 
Application of a positive voltage restrains photoelectron 
emissions from these deflectors when exposed to the 
sunlight. An electrode with dome-shaped grid structure 
entirely covers the entrance aperture and deflectors to 
shut in the electric field generated by +VD1 or +VD2 . It 
should be noted that although a single grid is used for 
the ion analyzer, a double grid is more suitable for pre-
cise plasma measurements because it suppresses electric 
field leakage (e.g., Pollock et al. 2016). The actual dome-
shaped electrode and deflectors are alodine treated and 
gold plated, respectively, for thermal properties (see 
Fig. 4B).

Figure  5 shows a close-up of the dimensions of the 
angular scanning deflectors. Centered at 40◦ , the eleva-
tion angle ( α ) of the FOV can be deflected up to −50◦ 
or +50◦ by applying +VD1 and +VD2 , respectively. The 
deflectors possess a curved surface described by y = x1.7 
which we found best met the performance requirements. 
The relation between the appropriate incident angle of α , 
the deflection voltage ( VD ), and E/q , is empirically given 
by

where the sign of VD indicates whether it is VD1 or VD2 . In 
other words, negative (positive) VD indicates that a posi-
tive voltage of |VD| is applied to the upper (lower) deflec-
tor as VD1(VD2 ). The nominal value of kD is 100° with a 
slight variation of less than a few degrees over the range 
of α between −10◦ and 90◦ . Probably due to our own 
rule of spacing between electrodes of 1 mm/kV or more 
to prevent electrical discharges, a voltage of twice the 
energy of single-charged incident ions as VD is required 
to cover the entire hemispheric FOV, as summarized 
by Kasahara et al. (2023). As shown in Eqs. 1 and 2, the 
deflection angle of α is proportional to VD/VI . The nomi-
nal observation will target ions below 10 keV/q which can 
be observed in all FOVs at |VD| ≤ 5 kV. Depending on the 
observation situation, the energy range may be expanded 
to 30  keV/q, while the FOV becomes limited. The FOV 
limit for the target energy can be obtained from Eq. 2.

2.3 � LEF TOF mass analyzer
Figure  4C shows that ultra-thin carbon foil is mounted 
on 333 lines/inch metal grid defining 16 windows with an 
azimuthal angle of 22.5◦ . The TOF measurement requires 
the carbon foil for secondary electron emission, which 
is used as the starting signal. However, the carbon foil 
causes energy loss and angular scattering to the incident 
ions, increasing the TOF variation and reducing the mass 
resolution. To reduce the variations in angular scattering 
and energy loss and increase transmission efficiency, the 
post-acceleration voltage of −12 kV ( −VPA ) is applied to 
the carbon foil, as shown in Figs. 1 and 2.

The mass analyzer uses an LEF to minimize the effect 
of energy and angle variation on the TOF of the inci-
dent ions (e.g., McComas et al. 1990). The TOF chamber 
which holds the LEF is longer than that of the previous 
analyzers (Yokota et  al. 2005; Delcourt et  al. 2016) to 
achieve a high mass resolution, as shown in Fig. 3. Most 
of the incident ions are neutralized during passage of 
the carbon foil (e.g., Allegrini et  al. 2016) and continue 
to travel straight until they reach the MCP assembly as a 
stop signal (see Figs. 1 and 2). In this case, for an incident 
ion with energy E , the time difference between the start 
and stop signals yields the conventional straight (ST) 
TOF ( �TST ) as shown below,

where m , L′ , and E′ denote the mass, flight length, and 
energy after the carbon foil transmission of the incident 

(2)α = kD
VD
E/q + 40◦,

(3)|VD| =

{

VD1(VD < 0)
VD2(VD > 0),

(4)�TST = L′
√

m
2E′

,

Fig. 3  Ion optics and trajectories of the start/stop electrons (red) 
attracted to the MCP surface. All applied voltages are also indicated



Page 5 of 14Yokota et al. Progress in Earth and Planetary Science           (2025) 12:51 	

ion, respectively. As Eq.  4 shows, �TST is affected not 
only by m but also by dispersion of the energy loss 
(E + qVPA − E′ ) (e.g., Asamura et al. 2018; Yokota et al. 
2017), which limits the improvement in mass resolution. 
Moreover, angular scattering changes L′.

In a minority case, the incident ions pass through the 
carbon foil as positive ions and are reflected by the LEF, 
causing secondary electron emission from the ceiling of 
the TOF chamber. The secondary electrons are detected 

as a stop signal. Since the motion of ions reflected by 
the LEF is given by the equation of the simple harmonic 
motion, the LEF TOF ( �TLEF ) depends only on the mass 
as follows,

where C0 is a constant that is determined solely by the 
electromechanical configuration of the TOF chamber. 

(5)�TLEF = π
√

m
qC0

,

Fig. 4  Photographs of components of the MSA ion analyzer. The inner spherical ESA (A), dome-shaped grid electrode over the angular scanning 
deflectors and aperture entrance (B), Ultra-thin carbon foil mounted on 16 holders (C), reflection grid electrode of the TOF chamber (D), MCP 
assembly (E), and anode board which contains a delay line anode, and ST and LEF stop anodes (F). Tapped holes and through holes for 3-mm 
screws are indicated by yellow and white circles, respectively
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The ceiling is an MgO-coated copper beryllium plate to 
improve the efficiency of the stop electron emission. To 

reflect the incident ions, a grid electrode applied with + 5 
∼+8  kV ( +VREF ) is installed at the bottom (see Figs.  1 
and 2). Figure 6 shows a close-up of the electric potential 
and reflected ion trajectories in the TOF chamber. Con-
tour lines linearly divide the potential into 20 levels. The 
trajectories were calculated for 20 oxygen ions (O+) with 
an initial energy of 4 keV passing through a point on the 
carbon foil at +VREF = +5 kV.

In the case that incident ions are converted to negative 
ions by the carbon foil, the detection of stop signals is 
similar to that for neutral particles. Since +V REF acceler-
ates the negative ions, the TOF is smaller than �TLEF.

The LEF in the TOF chamber ensures a clearance 
between the detection areas of start and stop electrons 
on the MCP surface, as shown in Fig.  3. The grid elec-
trodes are masked in a doughnut shape, as shown in 
Fig.  4D, to prevent the neutralized incident ions from 
reaching the narrow central region where the stop elec-
trons arrive. The central region is dedicated to the LEF 
TOF measurement.

Fig. 5  Dimensions of the angular scanning deflectors

0 10050-100 -50

150

50

100

(mm)

(m
m

)

-12 kV

Refrected ions

-2.5 kV

+5k V

Fig. 6  Electric potential and reflected ion trajectories (red) in the TOF chamber. All applied voltages are also indicated. Contour lines linearly 
divide the potential into 20 levels. The trajectories were calculated for 20 oxygen ions (O+) with an initial energy of 4 keV passing through a point 
on the carbon foil
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2.4 � Detector
Figure  4E shows the MCP assembly which consists of 
three MCP plates in the z-stack configuration and an 
anode board. On the anode board, there is an outermost 
circular, zigzag delay line anode for the start signals and 
two circular anodes in the center for the stop signals of 
the ST and LEF TOF measurements (see Fig.  4F). As 
shown in Fig. 2, the delay line anode also performs 360° 
azimuthal position sensing by detecting the start elec-
trons and measuring the difference in arrival time from 
both sides to divide the 360° azimuthal angle ( β ) of the 
ion incidence into 16 channels (Saito et al. 2017). The LEF 
stop anode is placed in the center of the board to match 
the size of the detection area of the converging stop elec-
trons. The ST stop anode is located between the LEF stop 
anode and the delay line anode in a donut shape. The two 
start signals from the delay line anode, and ST and LEF 
stop signals are transmitted to the electronics with TOF 
resolution within 1 ns.

3 � Analyzer performance
After designing and fabricating the FM of the MSA ion 
analyzer, we carried out a series of performance tests for 
calibration data. Performance calculations during design 

were conducted using an electrostatic field modeling pro-
gram that has accurately predicted the response of sev-
eral space plasma analyzers for the MMS (Pollock et al. 
2016), Kaguya (Saito et al. 2010; Yokota et al. 2005), and 
Bepi-Colombo/Mio missions (Delcourt et al. 2009; 2016), 
and SS520-3 rocket experiment (Yokota et al. 2024). The 
performance tests were conducted in the Institute of 
Space and Astronautical Science (ISAS) beam chamber, 
which was used for the previous analyzers. To test the 
characteristics of the energy analysis, the analyzer must 
be oriented in all directions relative to the ion beam. 
However, there is not enough space in the ISAS cham-
ber and no gimbals to hold and widely rotate the entire 
analyzer, as shown in Figs. 7A and 7B. Therefore, detailed 
testing was performed separately on the ion energy and 
mass analyzers. Although the beam direction was lim-
ited, beam tests were also performed for all channels in 
the entire combination of the two analyzers to check the 
efficiency, as shown in Fig. 7C.

The ion source in the ISAS facility which we utilized is 
capable of stably supplying ion beams from 2 to 10 keV. 
Neutral gas entering from a gas reservoir is ionized by 
filament’s thermal electrons. The reservoir was filled with 
a mixture of H2, N2, and CO2 for the tests. The ionized 

Fig. 7  Photographs of the MSA ion analyzer in a vacuum chamber for performance tests. Ion energy analyzer (A), ion mass analyzer (B) and MSA 
ion analyzer combining the two (C)
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gas is accelerated, mass/charge-selected by the elec-
tric and magnetic field velocity filter, and ejected as ion 
beam whose energy is well-defined. The stability of the 
ion beam is continuously checked by monitoring it with 
an ammeter connected to a grid electrode installed in 
the beam passage, but the absolute flux is indefinite. No 
geomagnetic shielding such as a Helmholtz coil is imple-
mented for the ion beam. In the following, we show the 
results of the performance tests and evaluate them by 
comparing the calculated and measured characteristics.

3.1 � Ion energy analyzer
To measure the characteristics of the ion energy analyzer, 
we used a 4  keV N+ ion beam whose energy was well-
defined with uniform intensity over the aperture of the 
analyzer. Figure  8 shows energy-elevation ( α ) responses 
calculated in the numerical model (Panel A) and meas-
ured in the laboratory (Panel B) for channel 0. In the 
numerical model, the detection is that the incident ions 
reach the carbon foil, and the direction of incidence is 
within 3 degrees of the normal direction of the carbon 
foil. Contour lines linearly divide the sensitivity of the 
peak transmission into ten levels. The responses were 

obtained under the condition that the upper and lower 
deflectors were grounded. The performances of the FM 
measured in the laboratory are consistent with that in the 
model, with an energy resolution of ∼ 10% and an angu-
lar resolution of less than 11.25° (see Table 1). The ana-
lyzer constant kE obtained in the performance test was 
6.1, slightly smaller than that in the model, 6.3. This is 
because the spherical ESA surfaces were serrated for UV 
rejection, and thus the actual gap is wider than 5 mm in 
the model.

To demonstrate the performance of the angular scan-
ning, Fig. 9 shows energy-elevation responses with 16 dif-
ferent VD/VI ( VD1/VI or VD2/VI ) calculated in the model 
(Panel A) and measured in the laboratory (Panel B) for 
channel 0. The responses at VD/VI = 0 ( VD1 = 0 and 
VD2 = 0 ) are the same as those in Fig.  8. All measured 
responses also achieve an energy resolution of ∼ 10% and 
an angular resolution of less than 11.25°, similar to those 
of the model. Because the angular scanning deflectors 
are gold plated, the dimensions are not exactly the same 
as those in the model. Although there are differences up 
to a few degrees in the angular distribution between the 
responses obtained from the model and the tests depend-
ing on the deflection angle, they are in good agreement 
overall. By applying up to three times the voltage of VI 
to VD ( VD1 or VD2 ), the elevation angle is covered in the 
range of ±50◦ centered at 40°. The 16 different VD/VI are 
also needed to fill the elevation range of ±50◦ without 
gaps. In future actual observation operation, such 16 dif-
ferent deflector voltages will be applied for each VI . This 
elevation range and 3600° aperture allows the ion energy 
analyzer to have more than a hemispheric (2 π sr) FOV. 
Since the maximum output of the HVPSs for VD1 and VD2 
is 5  kV, the incident ions that can be deflected by ±50◦ 
are limited to <∼ 10 keV/q.

Similar beam tests were performed on all 16 channels 
to generate pre-flight calibration data. As a summary 
of the ion energy analyzer performance, Fig.  10 shows 
the analyzer sensitivity (g-factor) (Panel A), the average 
elevation ( α ) (Panel B), and the average energy/charge 
per ESA voltage ( E/qVI = kE ) (Panel C) for 16 channels 
(colored dots) compared to those calculated in the model 
(solid lines). The analyzer sensitivity was designed not to 
change significantly with respect to deflection angle, as 
indicated by the model results, and the same trend was 
obtained in the performance test results. There is a dif-
ference of a few factors between the analyzer sensitivi-
ties obtained in the tests and the model depending on 
the deflection angle and channel. The characteristics 
obtained in the tests, not just the sensitivity, are affected 
by differences in the surface serrations, treatments and 
coatings in each electrode and the efficiency of the MCP-
based detector, which are not included in the model. In 

Fig. 8  Energy-elevation responses of the ion energy analyzer. 
The responses were calculated in the model (A) and measured 
in the laboratory (B). Contour lines linearly divide the sensitivity 
of the peak transmission into ten levels
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the case of the sensitivity, the efficiency of the MCP-
based detector is considered to be particularly influential.

The average elevation angles for all channels range from 
−  10 to +90◦ , with relatively few differences between 
channels, consistent with the design values indicated by 
the model. This result also supports that the ion analyzer 
has a hemispheric ( 2π sr) FOV. The analyzer constant 
kE ∼ 6.1 was obtained in the performance tests with rela-
tively little variation at all deflection angles and channels. 
Since the FM will perform velocity moments (VMs) cal-
culations in the onboard software, these characteristics 
are organized and used as look-up tables.

3.2 � Ion mass analyzer
The ion mass analyzer was also examined for all 16 chan-
nels using several types of ion beams in the laboratory. 
Figure  11 shows the ST TOF profiles ( �TST ) using sig-
nals from the ST stop anode, which were generated by 
incident ions neutralized during the carbon foil transmis-
sion. For these TOF profile measurements, we utilized a 
mass/charge-filtered 4 keV ion beam for each ion species, 
and all the TOF measurements were taken until the start 
signals were detected 100,000 times. It should be noted 
that since negative ions are attracted to the delay line 
anode like the start electrons, their TOF slightly appears 

in the TOF measurements using the ST anode. The neu-
tralized particles fly straight from the carbon foil to the 
MCP surface in a 13 cm path, unaffected by the LEF in 
the TOF chamber. The ST TOF profiles of all 16 chan-
nels are in good agreement with each other and with that 
calculated in the model assuming a foil thickness of 5 nm. 
Carbon foils labeled 0.5 µg/cm2 thickness (equivalent to 
∼ 2.5 nm thickness) were placed on all 16 channel hold-
ers, and while the actual thicknesses were all about twice 
as thick, the variation is not enough to cause significant 
changes in the TOF profiles from channel to channel. 
The measured profiles are wider than the calculated ones 
because there are delays in actual measurements, such as 
signal processing, that are not included in the model. The 
mass resolution of the ST TOF mass analysis is estimated 
to be m/�m ∼ 10.

Figure  12 demonstrates the high mass resolution of 
m/�m ∼ 100 , which has been achieved by the LEF TOF 
technique. The LEF TOF profiles ( �TLEF ) were meas-
ured using signals from the LEF stop anode. The meas-
ured LEF TOF profiles for 16 channels, which agree with 
that calculated in the model with small variation, is pro-
portional to 

√

m , as shown in Eq.  5. The mass analyzer 
was manufactured based on a geometry that achieves 
m/�m ∼ 400 in the model, but the resolution was 

Fig. 9  Energy-elevation responses of the ion energy analyzer for 16 deflection angles. The responses with 16 different VD/VI ( VD1/VI or VD2/VI ) are 
calculated in the model (A) and measured in the laboratory for channel 0 (B). Contour lines linearly divide the sensitivity of the peak transmission 
into ten levels
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degraded possibly due to signal processing and manufac-
turing errors. However, this resolution satisfies the per-
formance requirements (see Table 1), and the analyzer is 
expected to distinguish between metallic elements com-
ing from the Phobos surface in future observations.

4 � Discussion
The pre-flight performance tests for the FM calibra-
tion data have demonstrated that all the performances 
shown in Table  1 have been achieved. We confirmed 
that the ion energy mass spectrum analyzer is capable 
of measuring a three-dimensional distribution function 
at least below 10 keV/q and performing mass spectrom-
etry with considerably high resolution. We also meas-
ured the overall characteristics of the MSA ion analyzer 

consisting of the ion energy and mass analyzers, which 
were quite close to that measured when the two analyz-
ers were separated.

Since the MMX spacecraft is three-axis controlled, the 
ion sensor scans more than 90° of elevation angle ( α ) by 
the angular scanning deflectors and performs position 
sensing over a 360° azimuth angle ( β ) divided into 16 
channels to acquire a hemispheric FOV. We confirmed 
that the characteristics of the FM are relatively uni-
form for all α and for all β . The TOF characteristics also 
showed no significant variation among channels.

The onboard software of MSA calculates the VMs 
using the characteristics such as g-factor, kE , α , β 
and so on. It also formats the telemetry data and 
reduces the quantity of data by adding, selecting, or 
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compressing the data. In addition to VMs, the data 
products include energy spectra, three-dimensional 
distributions for all ion species and O+, and ST and 
LEF TOF-energy distributions at 1 ~ 10-min resolution. 

The distribution for O+ is derived using the onboard 
TOF-energy table.

Fig. 11  ST TOF profiles of the ion mass analyzer. The profiles were calculated in the model (gray shades) and measured using stop signals 
from the ST stop anode in the laboratory for all 16 channels (colored lines)

Fig. 12  LEF TOF profiles of the ion mass analyzer. The profiles were calculated in the model (gray shades) and measured using stop signals 
from the LEF stop anode in the laboratory for all 16 channels (colored lines)
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5 � Summary
After the development of the engineering model (EM) of 
MSA, and Critical Design Review (CDR) held in 2022, we 
had the Post-Qualification Review (PQR) and Pre-Ship-
ping Review (PSR) which confirmed the completion of 
the development for the FM of MSA in August 2024. The 
performance tests and pre-flight calibration presented 
here were conducted from the end of 2022 to the begin-
ning of 2024. The FM of MSA was handed over to the 
MMX spacecraft system. The FM of MSA was integrated 
into the spacecraft exploration module, and the pre-flight 
test of the spacecraft system has started. 

After the launch and arrival at Mars scheduled in 2026 
and 2027, respectively, the ion analyzer of MSA will per-
form in situ observations of ions which are related with 
the surface and tori of the Martian moons, Martian 
atmosphere, and the solar wind together with the mag-
netometers of MSA to address the MMX mission goals. 
In the past we have succeeded in mass spectrometry of 
ions around the Earth’s Moon and obtained many scien-
tific results, such as the solar wind ions scattered at the 
lunar surface (Saito et al. 2008b), secondary ions emitted 
from the surface (e.g., Yokota et  al. 2009; Tanaka et  al. 
2009), escaping ions from the Earth’s atmosphere (Terada 
et  al. 2017), etc. Similar observations will be made 
around the Martian moons, but with much improved 
mass resolution.
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